A novel set of microsatellite markers was developed for Juglans sigillata (Juglandaceae), an endemic walnut species in southwestern China, to facilitate cultivar identification and future investigations into the genetic structure and domestication history of this species and its close relatives.
Juglans sigillata Dode (Juglandaceae), the iron walnut, is a woody perennial nut tree endemic to southwestern China (Lu et al., 1999) . As one of the most important edible walnut species, J. sigillata is significantly different from the common walnut (J. regia L.) in morphology, fruit quality, and environmental adaptability (Lu et al., 1999; Gunn et al., 2010 ). There are more than 100 local cultivars and superior individuals of this species, which vary in seed quality and ecological adaptation. Therefore, J. sigillata is an important component of the genetic resources within Juglans L., given its great value for both cultivar development and scientific research. However, accurate determination of Juglans species requires both taxonomic expertise and complete specimens, and even then, identification can be difficult between closely related species or infraspecific taxa (e.g., cultivars), due for example to effects of age and environment. The scenario presents a major problem for improvement and conservation because accurate identification and delimitation of taxa are at the core of crop genetic breeding and genetic resource conservation (Cooke, 1995) . Moreover, the precise taxonomic determination of specimens at the marketplace is rendered difficult or impossible; for example, the methods available to local people and authorities might not distinguish among dried nuts or seedlings of different Juglans taxa usually sold in markets.
As a traditional molecular marker, simple sequence repeats (SSRs or microsatellites) have been widely used in genetic diversity research. SSRs are abundant, genome-and locus-specific, codominantly inherited, highly reproducible, and usually highly polymorphic (Powell et al., 1996) . They have extensive applications, including but not limited to forensics, population and conservation genetics, identification of species and cultivars, and phylogeography (Hodel et al., 2016) . However, SSR development typically requires a substantial input of time, funds, equipment, and expertise, and the biggest challenge involved is the identification or development of high-quality primers that will amplify across the taxonomic group of interest (Zane et al., 2002) . Nonetheless, once suitable primers are available, taxon identification via DNA fingerprinting becomes relatively straightforward and circumvents the need for taxonomic expertise.
A large number of Juglans microsatellite primers have been developed using traditional approaches (e.g., Woeste et al., 2002; Hoban et al., 2008; Ikhsan et al., 2016) , and some of them have been employed in previous population genetic studies (e.g., Wang et al., 2008; Gunn et al., 2010) . However, our preliminary cross-species amplification results showed that most of the previously developed primers are inefficient for cultivar identification in J. sigillata (J. Liu et al., unpublished data) . Therefore, we set out to design and screen a novel set of high-quality primers using recently published genomic data for J. regia (e.g., Martínez-García et al., 2016; Bai et al., 2018) , with the goal of producing high-quality SSR markers capable of distinguishing taxa and cultivars within Juglans.
METHODS AND RESULTS

SSR detection, primer design, and validation
Genomic data of two J. regia individuals were downloaded from the National Center for Biotechnology Information (NCBI) database (i.e., PRJNA291087 [Martínez-García et al., 2016] and PRJNA356989 [Bai et al., 2018] ). Comparing these genomes, we used QDD_v3 (Meglécz et al., 2009) to detect the SSRs with default parameters and found 279,712 loci containing microsatellites, 39,741 of which were polymorphic between the two genomes. In total, primers were designed for 14,217 of the polymorphic SSRs detected, using QDD with default parameters. After considering the PCR product size (ca. 100-400 bp), repeat type (perfect repeat), motif length (3-6 bp), and repeat frequency (>6), we selected 434 of these primers for downstream laboratory validation. We adopted a three-step pipeline to screen polymorphic primers.
Step 1: Amplification screening-Four J. sigillata individuals from three different populations were used to test the success of PCR amplification (Appendix 1). The PCR reaction comprised 18 μL of Golden Star T6 Super PCR Mix (TsingKe Biological Technology, Beijing, China), with 0.5 μL each of forward and reverse primers, plus 1 μL of DNA template (~50 ng DNA), in a final reaction volume of 20 μL. The PCR protocol was: 95°C for 5 min; followed by 30 cycles of 95°C for 10 s, primer-specific annealing temperatures (55-58°C, Table 1 ) for 3 min, 72°C for 1 min; and a final extension at 72°C for 5 min. PCRs were carried out on a Veriti 96-Well Thermal Cycler (Applied Biosystems, Foster City, California, USA). The obtained PCR products were detected using 6% polyacrylamide gel (PAGE), and each primer was judged to be genuine if observed 
Data analysis
Based on PCR products from step 3, genotyping was carried out using GeneMarker version 2.2.0 (SoftGenetics, State College, Pennsylvania, USA). GenAlEx version 6.5 (Peakall and Smouse, 2012) was used to calculate the number of alleles and levels of observed and expected heterozygosity. Departures from HardyWeinberg equilibrium were determined at locus level and population level using GENEPOP (Rousset, 2008) . Finally, FSTAT version 2.9.3 (Goudet, 2001 ) was used to detect any linkage disequilibrium between primers. Significance levels were adjusted using a sequential Bonferroni correction for multiple comparisons. A total of 399 primer pairs (92%) successfully amplified the target loci. The majority of loci (74.4%) were monomorphic, and 111 primer pairs (25.6%) were selected for step 2, whereas only 32 primer pairs (7.4%) were selected for population genetic screening in step 3. Of the 32 loci selected, 25 had >95% PCR amplification success rate, whereas the rate ranged from 55% to 90% for the remaining seven loci ( Table 2 ). The number of alleles per locus ranged from two to eight, with an average of four, whereas mean levels of observed and expected heterozygosity ranged from 0.000 to 1.000 and 0.078 to 0.724, with average values of 0.436 and 0.470, respectively (Table 2 ). Significant deviations of Hardy-Weinberg equilibrium in terms of heterozygosity deficiency were detected in 30 of 96 locus-population pairs (Table 2 ). Linkage disequilibrium (P < 0.05) was detected between loci JS23 and JS24.
To evaluate the transferability of the newly developed markers in congeneric species, amplification was tested across 35 individuals of J. regia, J. cathayensis, and J. mandshurica (Appendix 1). All primer pairs successfully amplified the target loci, with the exception of locus JS01 in J. cathayensis and loci JS18 and JS01 in J. mandshurica (Table 3) .
CONCLUSIONS
We developed 32 polymorphic microsatellite loci in J. sigillata. These primers can be used to analyze the genetic diversity and structure of Juglans populations, not only in J. sigillata but also in closely related species. Moreover, these primers can also be used to examine species boundaries and infraspecific taxonomy within the genus, thus allowing for the development of a DNA fingerprinting system. Fundamentally, these markers offer a new opportunity to solve and understand the origin and domestication history of walnut tree species.
